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ABSTRACT 
 
 
Speech Perception in “Bubble” Noise: Korean Fricatives and Affricates  
By Native and Non-native Korean Listeners 
by 
 
Jiyoung Choi 
 
 
Advisor: Michael I. Mandel 
Abstract 
 
The current study examines acoustic cues used by second language learners of Korean to 
discriminate between Korean fricatives and affricates in noise and how these cues relate to those 
used by native Korean listeners. Stimuli consist of naturally-spoken consonant-vowel-consonant-
vowel (CVCV) syllables: /sɑdɑ/, /s*ɑdɑ/, /tʃɑdɑ/, /tʃhɑdɑ/, and /tʃ*ɑdɑ/. In this experiment, the 
“bubble noise” methodology of Mandel at al. (2016) was used to identify the time-frequency 
locations of important cues in each utterance, i.e., where audibility of the location is significantly 
correlated with correct identification of the utterance in noise. Results show that non-native 
Korean listeners can discriminate between Korean fricatives and affricates in noise after training 
with the specific utterances. However, the acoustic cues used by L2 Korean listeners are different 
from those used by native Korean listeners. There were explicit differences in the use of the 
acoustic cues between the two groups for identifying tenseness. The results of this study 
contribute to a better understanding of how second language learners of Korean process language. 
Furthermore, the current study helps us to better understand how people learning a second 
language process speech perception in noisy environments.  
Keywords: Korean fricatives, Korean affricates, speech perception in noise, second language acquisition, 
“bubble” methods 
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1. Introduction  
One major difficulty in learning a second language is in learning a new phonetic system. 
Best (1994)’s Perception Assimilation Model (PAM) and Flege (1995)’s Speech Learning Model 
(SLM) explain the perception and production difficulties of L2 (second language) for children at 
early age due to L1 (first language) phonology. Two models claim that if L2 sounds are similar 
to L1 sounds, they will be easy to perceive and acquire. However, if the L2 includes a phonemic 
contrast where a single L1 sound becomes two different phonemes in the L2, learning to make 
this contrast will be difficult. Strange (1998) examined spectral and temporal patterns in 
perception of American English vowel contrasts by Japanese listeners. In her recent study, the 
Automatic Selective Perception (ASP) model was proposed to investigate cross-linguistically 
how L1 adults and late L2 learners process language and utilize phonetic information provided 
by the acoustic signals in L1 and L2 (Strange, 2011). 
 In addition to many studies of speech perception in noise, there are many research 
studies on second language acquisition with noise. Stuart (2010) conducted an experiment to 
examine perception of L1 and L2 sentences by Mandarin-English Bilinguals and American 
English monolinguals in quiet and in noisy conditions. The bilinguals showed poorer 
performance on recognizing L2 sentences in both quiet and noisy environments. Rogers et al 
(2006) examined perception of words in quiet and noise by Spanish-English Bilingual adults and 
American English monolingual adults. The results showed that L2 English word recognition was 
poorly performed by the Bilinguals in noise, but not in quiet. Crandell & Smaldino (1996) also 
performed a similar study that examined how sentence perception in noise would affect ESL 
(English as second language) children in regard to academic achievement. They concluded that 
ESL children had poorer performance than native speakers in noise.  
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Additionally, including Chang (2013) and Cheon (2005)’s work, Korean phonetics and 
speech perception/production in Korean have been investigated. However, there are few studies 
about Korean perception in distorted and complicated environments. Furthermore, even less or 
no research on speech perception in noise by second language learners for whom Korean is a 
second language. The current study investigates how L2 Korean learners of English perceive 
Korean fricatives and affricates in noise. It examines acoustic and perceptual cues used by L2 
learners of Korean to discriminate between Korean fricatives and affricates and how these cues 
relate to those used by native Korean listeners. In addition, the goal of the current study is to 
characterize the locations of important cues in the spectrogram for both native Korean listeners 
and L2 Korean learners. To do this, the “importance map” method of Mandel et al (2016) is used. 
This approach is introduced at the first time for speech perception in noise of Korean sounds. 
Five high-frequency words /tʃhɑdɑ/, /tʃɑdɑ/, /tʃ*ɑdɑ/, /sɑdɑ/, and /s*ɑdɑ/ were used for stimuli 
with the form of consonant-vowel-consonant-vowel (CVCV) Korean words. Two language 
groups participated in the study. Ten non-native participants are at a novice level of Korean 
learners and ten native participants. Unfortunately, the initial pilot study using five subjects from 
each group showed insignificant results due to the failure of the L2 Korean subjects to identify 
the Korean fricatives and affricates. With several revisions including bubble adaptation strategy, 
the main experiment shows that non-native Korean listeners are able to recognize these specific 
recordings of Korean fricatives and affricates in noise successfully with approximately 60% 
accuracy. However, they chose different acoustic cues to distinguish each utterance from natives.  
In short, this study aims to develop a better understanding of L2 speech perception as 
well as differentiation of Korean fricatives and affricates by L2 learners. The results of the 
current study will contribute to a better understanding of how second language learners of 
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Korean process language. Furthermore, this study will help us to better understand how people 
learning a second language process speech perception in noisy environment. In addition to a 
better understanding of second language acquisition, this study could contribute the improvement 
of the areas of language tutoring software and hearing aids. 
1.1. Speech Perception in Noise 
Some studies have investigated the relationship between Second Language 
Acquisition/Bilingualism and noise. Hapsburg & Pena (2002) conducted auditory research with 
monolingual and bilingual participants to understand the complexities of including bilinguals in 
the auditory research. Lee, Shim, Yoon & Lee (2009) examined the effects of various types of 
background noise on speech intelligibility including L1 (first language) and L2 (second language) 
speech noise. Sixty Korean participants were tested on -10, -5, 0dB SNR (signal-to-Ratio) 
conditions with various types of noise such as multi-talker (L1) babble, L2 speech noise, and 
white noise. The results showed that L1 multi-talker babble influenced participants’ intelligibility 
with the lowest score for word recognition.  
Crandell & Smaldino (2000) interrogated how acoustical elements such as noise, 
reverberation, and speaker-listener distance affect speech perception of children with normal 
hearing and sensorineural hearing loss in a classroom setting. This study emphasized that 
appropriate classroom acoustics should be considered with regard to children’s educational 
psychological achievement.  
Alwan, Jiang, & Chen (2011) investigated speech perception for American English stops 
and fricatives in noise in order to examine acoustic cues for place of articulation. They examined 
the acoustic correlates and perception in noise of place of articulation in naturally-spoken 
syllable-initial plosive and fricative consonants. In a quiet condition for perceiving the 
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consonants, they found that both formant frequency and relative spectral amplitude were the 
acoustic cues for the subjects to perceive place of articulation. In contrast, in a noisy 
environment, the formant frequency measurements such as voicing and vowel effects were more 
primary cues to comprehend the sounds than spectral amplitude measurements. 
1.2. Korean Fricatives and Affricates 
Fricatives are articulated by turbulent noise of air-flow caused by the constriction in the 
vocal tract above the larynx. Perceptual experiments with fricatives have been implemented in 
order to seek acoustic cues such as frication 1  duration and amplitude of frication. Some 
researchers (Heinz & Stevens, 1961; Jongman, 1989) examined synthesized fricative noise and 
frication duration to investigate place of articulation for fricatives.  
Korean has a unique typology in stops and affricates in that there are three different phonetic 
categories. Also, Korean fricatives have a two-way distinction in the dental-alveolar category. 
The three-way contrast consists of aspirated, lax, and tense in stops and affricates. Some linguists 
prefer to label them as aspirated, lenis, and fortis. The lax stops and affricates are described as 
lax (lenis), breathy, and slightly aspirated whereas the tense (fortis) stops and affricates are 
described as tense, laryngealized, and unaspirated. The aspirated variants are strongly aspirated 
(Cho, Jun and Ladefoged, 2002)  
It is known that lenis obstruents have a longer voice onset time (VOT)2, shorter closure 
duration, and shorter linguo-palatal contact area than tense obstruents (Kim, 2000). In the 
literature, whether the non-fortis (or plain) fricative /s/ is lax (lenis) or aspirated is controversial. 
                                                 
1 Frication: the frictional rustling of a fricative sound (“Frication”. Def. 2b. Merriam-Webster.com. Merriam-
Webster, (n.d.)) 
2 Voice Onset Time (VOT): the interval of time between the release of a stop consonant and the onset of voicing; 
conventionally given positive values if release precedes voice onset and negative values if release follows voice 
onset. (Small, 2015) 
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Kim (2000) report that the fricative /s/ showed similar patterns as the lenis stops. However, with 
a different approach, the non-fortis fricative /s/ has similar patterns with the aspirated stops 
(plosives). Data from Yoon (1998) and Park (1999) showed that the fricative /s/ is aspirated since 
some degree of aspiration is found which is similar to aspirated stops. Shin (2001) investigated 
how American English listeners perceive the three-way distinctions among Korean alveolar stops. 
 In this study the fricative /s/ will be categorized as the lax fricative for the sake of 
simplicity. Table 1, from Cho, Jun and Ladefoged (2002) and Schmidt (2007) shows a phonetic 
inventory of Korean obstruents with the three-way contrast.  
 
Table 1. Phonetic inventory in Korean obstruents with three different categories. Highlighted 
sounds in bold are used in the current study. 
 
 place of articulation lax (lenis) tense (fortis) aspirated 
stops (plosives) bilabial p p*3 ph 
 alveolar t t* th 
 velar k k* kh 
affricates denti-alveolar tʃ 4 tʃ* tʃh 
fricatives denti-alveolar s s* (s)5 
 
 
Additionally, high-frequency Korean words were used in this study. The words are /sɑdɑ/ 
(to buy), /s*ɑdɑ/ (cheap), /tʃɑdɑ/ (to sleep), /tʃhɑdɑ/ (to kick), and /tʃ*ɑdɑ/ (to squeeze). 
1.3. Speech Perception for Korean Fricatives and Affricates 
Korean utilizes the two-way laryngeal contrast in dental-alveolar fricatives and the three-
way laryngeal contrast in affricates in terms of tenseness, a contrast that is rare in other 
languages (Chang, 2013). Sung & Cho (2010) conducted an acoustic study to measure the 
                                                 
3 Some phoneticians and linguists mark the tense phonemes as /p’/. 
4 /tʃh/ is written as /ts/ by some phoneticians and linguists. 
5 Whether the fricative /s/ is lax (lenis) or aspirated is controversial, I marked /s/ in the aspirated category as 
optional. 
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differences between Korean sibilant fricatives /s/ (lax) and /s*/ (tense) and English sibilant 
fricatives /s/ and /ʃ/ in terms of speech production. The results showed that there is a significant 
distinction in frication duration between the fricatives of the two languages. However, the center 
of gravity6 and mean frequencies of major spectral peak were not major acoustic cues for the 
difference between the fricatives of the two languages.  
Cheon (2005) studied the perceptual similarity between Korean fricatives and English 
fricatives by native speakers of English and Korean. In the results, native speakers of English 
judged Korean /s/ and /s*/ to be the same 60% of the time while native Koreans completely 
distinguished Korean /s/ from /s*/ with 100% accuracy. Holliday (2012) also examined the 
perceptual similarity between Korean fricatives and Mandarin Chinese and Japanese fricatives 
by native Mandarin Chinese and Japanese speakers, respectively. He conducted a minimal pair 
test for /s/ and /s*/ across different vowel contexts, for example /sɑdɑ/-/s*ada/ and /si/-/s*i/. The 
results indicated that both Mandarin Chinese and Japanese speakers discriminated /s/ and /s*/ 
with less than 60% accuracy. By contrast, native Korean speakers were correct with 94% 
accuracy.  
Li (2012) suggests that Chinese listeners have difficulty differentiating tenseness in 
Korean affricates and fricatives even though the number of affricates and fricatives in Chinese 
outnumbers those of Korean, since Chinese affricates and fricatives are categorized by place of 
articulation and aspiration.  Ren and Mok (2015) investigated whether non-native listeners would 
distinguish the three-way categorized Korean obstruents (stops, fricatives, and affricates) in 
different vowel positions. Demonstrating the assimilation patterns between L2 Korean learners 
and naïve Mandarin listeners, the results showed that the Korean tenseness contrast was 
                                                 
6 center of gravity: A centroid of a Fast Fourier Transforms (FFT) spectrum where each frequency is weighted based 
on its amplitude. (Sung & Cho; 2010) 
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assimilated within a category of Mandarin unaspirated obstruents. In other words, Mandarin 
listeners tend to assimilate Korean lax/tense obstruents into an unaspirated sound in their 
phonetic inventory. As seen in these acoustic and perceptual studies, L2 Korean learners tend to 
have difficulty differentiating these sounds.  
2. Current Study 
The current study examines how L2 Korean learners of English perceive Korean 
fricatives and affricates in a noisy environment. With a carefully designed noise, it examines 
acoustic/perceptual cues used by L2 learners of Korean to discriminate between Korean 
fricatives and affricates and how these cues relate to those used by native Korean listeners. In 
addition, the goal of the current study is to characterize the locations of important cues in the 
spectrogram for both native Korean listeners and L2 Korean learners. To do this, the “importance 
map” method of Mandel et al (2016) will be used, and details are introduced in the Methodology 
section. I hypothesize that these two importance maps will be different, indicating that the two 
listener types use different cues to discriminate Korean fricatives and affricates. Characterizing 
the cues that L2 listeners use would allow an incorrect use of cues to be diagnosed, and 
potentially corrected through training to perceive the differentiation of tenseness more like native 
Koreans. This approach is introduced at the first time for speech perception in noise of Korean 
sounds. 
2.1. Research Questions 
This thesis investigates the following research questions: 
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1) Can non-native listeners distinguish Korean affricates and fricatives successfully in a 
noisy environment?  
2) What acoustic cues are used by native listeners? 
3) What acoustic cues are used by non-native listeners? 
4) Are these cues different from one another? 
3. General Methodology 
This session introduces specific details about methodology that the current study utilizes. 
It includes stimuli, subjects, bubble noise techniques, and procedure. 
3.1. Stimuli 
In this study, stimuli were “minimal quintet” words, which consist of consonant-vowel-
consonant-vowel (CVCV) Korean words with the form /Cada/. Specifically, the words were 
/sɑdɑ/ (to buy), /s*ɑdɑ/ (cheap), /tʃɑdɑ/ (to sleep), /tʃhɑdɑ/ (to kick), and /tʃ*ɑdɑ/ (to squeeze). 
During the experiment, Romanized labels for the phonemes were used in order to avoid any 
confusion with phonetic symbols to the participants. /s/, /ss/, /j/, /ch/ and /jj/ refer to, respectively, 
a lax (or unaspirated) fricative, a tense fricative, a devoiced affricate, an aspirated affricate and a 
tense affricate. Stimuli were selected from real speech to ensure natural production and 
perception. The stimuli were recorded by a native speaker of Korean in a soundproof room with 
a Shure SM48 microphone. The speaker repeated the words five times with various speech style 
such as different pitch, speed, or mood. The stimuli were selected to have approximately 
equivalent pitch, duration and intensity. The sampling rate was 44.1kHz and bit depth 16 bits.  
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3.2. Subjects 
Twenty subjects participated in the pilot and main study, 10 native Koreans and 10 L2 
Korean learners. Native listeners are undergraduate/graduate students from the Graduate Center, 
City University of New York, and L2 Korean listeners are undergraduate students from Queens 
College, City University of New York.   
3.3. “Bubble” Noise Methodology 
Mandel et al (2016) studied speech perception in noise for American English consonants 
perceived by native listeners of English. They created a procedure to identify the time-frequency 
locations in the utterance where audibility is correlated with intelligibility, which we call the 
“importance map” of the utterance. 
Following Mandel et al (2016), the speech tokens were mixed with speech-shaped 
Gaussian noise with a Signal-to-Noise Ratio (SNR) of -25dB, which is sufficient to make the 
speech completely imperceptible. Then, “bubbles” erasing the noise locally were created at 
random time- and ERBN-scale frequency locations with a maximum suppression of 80 dB. The 
equation for reduction of noise by bubbles is provided below: 
𝐵(𝑓, 𝑡) =  ∑ exp
𝐼
𝑖=0
{−
(𝑡 − 𝑡𝑖)
2
𝜎𝑡
2 −
(𝐸(𝑓) − 𝐸(𝑓𝑖))
2
𝜎𝑡
2 } 
𝑀(𝑓, 𝑡) = min (1,
10−80/20
𝐵(𝑓, 𝑡)
) 
 
The function  E(f) = 21.4log10 (0.00437f+1) converts frequencies in Hz to ERBN, and 
and {(𝑓𝑖 , 𝑡𝑖)}𝑖=1
𝐼  are the randomly selected centers of the I bubbles. The scale parameters 𝜎𝑡 and 
𝜎𝑓were set such that the bubbles were fixed in size to have a half-amplitude “width” of 90 ms at 
their widest and a half-amplitude “height” of 1 ERBN at their tallest, the smallest values that 
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would avoid introduction audible artifacts. For the full 80-dB dynamic range, this corresponds to 
350 ms wide at their widest and 7 ERBN high at their highest. 
The number of bubbles per second was set by using the weight up-down procedure 
(Kaernbach, 1991) to achieve 60% accuracy per utterance, starting at 15 bubbles per second. In 
this procedure, the number of bubbles created in the noise adjusts to achieve the target accuracy 
level.  In particular, each time the subject correctly identifies an utterance, the task is made 
slightly more difficult by decreasing the number of bubbles used, and each time the subject fails 
to identify an utterance, the task is made slightly easier by increasing the number of bubbles used.  
The amounts by which the difficulty is changed in each direction is what produces the target 
accuracy level. 
  Figure 1 below shows details about how an “importance map” is created. Spectrogram (a) 
on the top left is a clean utterance. The x-axis represents time (ms), and the y-axis represents 
frequency (Hz). Spectrogram (b) shows two bubbles located in speech-shaped noise. The 
combination of (a) and (b) is spectrogram (c), which is an utterance with noise. Listeners will 
only hear the speech in areas where the bubbles appear on the spectrogram. The second row of 
the Figure 1 shows examples of spectrograms of the same speech mixed with bubble noise 
revealing 15 bubbles per second. 
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Figure 1. “Bubble noise” methodology examples from Mandel et al. (2016). (a) shows a clean 
utterance, (b) shows an example of two bubbles. The spectrogram (c) shows a combined 
spectrogram of the clean utterance and bubble noise. The bottom row shows examples of the 
same utterance mixed with bubble noise having 15 bubbles-per-second. 
 
The methodology of Mandel et al. (2016) was chosen to test L2 speech perception of 
Korean fricatives and affricates because of its potential high-resolution characterization of cues 
and relative lack of assumptions as to where these cues should be found. All code necessary to 
run the methodology can be found at   https://github.com/mim/auditoryBubbles. 
3.4. Procedure 
The experiment took place in a soundproof room. Subjects heard stimuli binaurally via 
Sennheiser HD 202 headphones and adjusted the volume on their own to a comfortable level. 
Stimuli were repeated as much as the subject wanted. A MATLAB interface was used for the 
experiment, shown in Figure 2. Korean romanization (/chada/, /jada/, /jjada/, /sada/, and /ssada/ 
instead of phonetic alphabets (/tʃhɑdɑ/, /tʃɑdɑ/, /tʃ*ɑdɑ/, /sɑdɑ/, and /s*ɑdɑ/) was used to avoid 
complexity and confusion of the task. Testing began with two pre-tests used for familiarizing the 
subjects with the task: the first test familiarized listeners with the speech tokens, playing each 10 
times without noise and asking the subject to identify them. The second familiarized listeners 
with the bubble noise, playing each speech token 10 times with the bubble noise and asking the 
subjects to identify them. Feedback was provided during these training sessions, but not during 
the formal test. One utterance at a time was played and presented at random to the listener. Then, 
the listener selected the word that they hear among the set of the five words using a textual 
MATLAB interface. Subjects pressed a number key on the keyboard to select the word and then 
pressed the Enter button to move to the next utterance. If they were unsure about the word and 
wanted to hear it again, they pressed the Enter button, then the word would be repeated.  
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Figure 2. Example of MATLAB screen for the task. Once the test begins, question 1 appears in 
written form, corresponding to the utterance being played. Participants use keyboard number 
buttons to choose what word they have heard. Either 0 button or Enter button lets the participants 
hear the word again. Once the answer is selected, the participants press the Enter button and the 
next question pops up. 
 
3.5. Analyses 
In this study, there are three different ways to analyze the experimental results: an 
importance map analysis, a confusion level analysis, and a difficulty level analysis. An 
importance map analysis creates visualizations of the acoustic cues that listeners use. Three 
different visualizations are introduced in Section 3.5.1. First, spectrograms for clean utterances 
for the five stimuli /tʃhɑdɑ/, /tʃɑdɑ/, /tʃ*ɑdɑ/, /sɑdɑ/, and /s*ɑdɑ/ are introduced. Second, the 
section shows visualizations of the importance map that native and non-native groups utilize for 
perceiving the sounds. Last, correlation visualizations are introduced.  Secondly, the difficulty 
level analysis is shown in 3.5.2 The difficulty level measures the number of the bubbles used for 
each word for each participant. The more bubbles appear in noise, the easier it is to recognize the 
word. Because the number of bubbles is adapted to achieve a target accuracy level, examining 
this quantity at the end of the experiment allows the abilities of different listeners to perform the 
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task to be compared. The last analysis in 3.5.3 is the confusion analysis. The confusion analysis 
shows the distribution of words that a subject selects when presented with a given word in 
bubble noise.  
3.5.1. Importance Map Analysis 
The first analysis on the pilot study is the importance map analysis. The importance map 
shows the correct identification of the word in noise mixture and the correlation between 
intelligibility and corresponding T(time)-F(frequency) regions in each word. Mandel et al (2016) 
elaborates how the importance map is created.  
First of all, the correlation was measured to examine audibility at T-F regions and 
intelligibility of the word in the mixture.  
 
The point-biserial correlation was used for this calculation, which computes the correlation 
between a dichotomous variable (correct identification of mixture) with a continuous variable 
(audibility at a given T-F point). 
 
Second, the significance of this correlation is also measured to indicate whether audibility 
at T-F points is significantly correlated with intelligibility of the word.  
The significance of this correlation can also be tested using a one-way analysis of variance with 
two levels, with p-value denoted p(f, t).  
 
Lastly, the importance map shows a visualization of the importance of the correlation at 
each T-F point overlaid with the clean utterance. The quantity is calculated by the following 
equation: 
𝑀𝑥(𝑓, 𝑡) = exp [−
𝑝(𝑓, 𝑡)
0.05
] 
 
𝑀𝑥(𝑓, 𝑡) shows positive correlations between audibility and intelligibility.  
There are three types of visualizations to represent the importance map analysis.  Figures 
 14 
3(a) The first visualization is the spectrogram of the clean utterance. Secondly, the analysis 
shows the importance of the corresponding correlation at regional T-F points overlaid with the 
clean utterance. Light regions indicate the significance of audibility correlated with correct 
identification of the word, and dark regions indicate the insignificance of audibility correlated 
with intelligibility. Lastly, the analysis shows the correlation between audibility at each T-F 
point in mixture and intelligibility of the word. Positive correlations are in red, and negative 
correlations are in blue. See Figure 3 as an example.  
3.5.2. Difficulty Level Analysis 
A difficulty level was examined by measuring the number of the bubbles in each word 
for each participant. The more bubbles appear in noise, the easier it is to recognize the word. 
Because the number of bubbles is adapted to achieve a target accuracy level, examining this 
quantity at the end of the experiment allows one to compare the abilities of different listeners to 
perform the task. Bubble adaptation is performed separately for each utterance. For instance, 
once a subject continuously fails to identify /sɑdɑ/, the number of bubbles increases only for 
/sɑdɑ/ tokens, helping the subject to be able to recognize it. The initial point is 15 bubbles per 
second. 
3.5.3. Confusion Analysis 
Confusion matrices for the bubble-noise utterances show overall response counts for non-
native listeners and native listeners. The left column shows the five stimuli, and the top row 
shows the word that the subjects selected. A diagonal from top left to bottom right indicates the 
correct responses, and the rest of words in each row are incorrect selections.  
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4. Pilot Study 
I perform a pilot study examining how well native and L2 listeners recognize Korean fricatives 
and affricates in clean and noisy environments.  
4.1. Subjects 
Ten subjects participated, 5 native Koreans and 5 L2 Korean learners. Native Koreans were 
graduate students at the Graduate Center, City University of New York (mean age: 30). L2 
Korean learners were undergraduate students who were taking Elementary Korean at Queens 
College, City University of New York (mean age: 20.4). They were novice-level Korean learners 
with three-months learning experience and their primary language was English. The participants 
were compensated for participating in the experiment. They did not have histories of hearing or 
visual impairment.  
4.2. Result Analysis 
4.2.1. Importance Map Analysis 
Figures 3 and 4 below show visualizations of the experimental results. Figure 3 shows L2 
Korean listeners and Figure 4 shows native Korean listeners. Overall, native Korean listeners 
were likely to use low regions around 1kHz between 100ms and 200ms and high front regions 
around 6-9kHz at 0-100ms as primary cues to comprehend the Korean fricatives and affricates as 
shown in Figure 4. On the other hand, non-native Korean listeners seem to fail to identify the 
words. Nonetheless, there are importance points shown in /tʃhɑdɑ/ and /sɑdɑ/. 1kHz at 100-
200ms and high frequency regions around 6-9kHz /0-150ms are utilized for /tʃhɑdɑ/. For /sɑdɑ/, 
high frequency 5-6kHz at 0-200ms, and 7-9kHz at 0-200ms. Unfortunately, the spectrograms of 
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/tʃɑdɑ/, /tʃ*ɑdɑ/, and /s*ɑdɑ/ for the non-native group do not have straightforward results. It may 
be experimental setting errors or perception errors. I will discuss these spectrogram errors in 4.2. 
conclusion section in detail.  
 
Non-native Korean listeners 
 
/tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
 
(a) clean utterance  
 
(b) selected acoustic cues 
 
(c) correlation patterns 
 
Figure 3. Visualizations for non-native listeners on the pilot study. Visualizations of all five 
stimuli for (a) the clean utterance spectrograms, (b) importance maps overlaid on the clean 
utterance spectrogram, and (c) correlation spectrograms. Lightened regions in the importance 
map (b) refer to acoustic cues where audibility is positively correlated with intelligibility. 
Acoustic cues are positively correlated with intelligibility in red regions, negatively correlated in 
blue regions in the correlation spectrograms (c).  
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Native Korean listeners 
 
/tʃhɑdɑ/     /tʃɑdɑ/     /tʃ*ɑdɑ/     /sɑdɑ/     /s*ɑdɑ/ 
 
(a) selected acoustic cues  
 
(b) correlation patterns 
 
Figure 4. Visualizations for native listeners on the pilot study. Visualizations of all five stimuli 
for (a) importance map overlaid on the clean utterance spectrograms, and (b) correlation 
spectrograms.  
 
There was a difference in /tʃhɑdɑ/ importance map visualizations between the two 
language groups.  The native Korean group did not consider high frequency regions as an 
important cue for perceiving /tʃh/. Their primary acoustic cue is low points around 1kHz and 0-
300ms. However, non-native (or second language) Korean participants mainly relied upon two 
different cues, which are high points around 6-9kHz at 0-150ms and a low frequency area around 
1kHz at 100-200ms. Interestingly, native Korean listeners tended to mis-identify /tʃhɑdɑ/ when 
they heard glimpses of it around 4-6kHz at 0-100ms as can be seen in Figure 4(b). 
For the lax affricate /tʃɑdɑ/, a wide range of high frequencies in 4-9kHz at 0-200ms, 2-
3kHz at 100-200ms, and low frequency 1kHz at 0-500ms were used by the native Korean 
listener as shown in Figure 4. In contrast, the importance map for /tʃɑdɑ/ is not significant for 
non-native Korean listeners. This might be misunderstanding of a difficulty level for non-native 
listeners since the correlation spectrogram in /tʃɑdɑ/ is shown in blue in most areas. In other 
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words, non-native listeners continuously chose a wrong answer. I will elaborate this issue in the 
conclusion section in detail. 
A pattern in the importance map of /tʃ*ɑdɑ/ for the native Korean group shows that they 
were dependent on 8-9kHz at 0-100ms and a wide range of low-mid areas 1-4kHz at 40-300ms. 
Interestingly, it is likely that the native listeners also used lack of energy areas, which might be 
informative, before frication appears around 7-9kHz at 0-100ms.  
Additionally, the native Korean group used more mid-frequency cue around 3-4kHz than 
perceiving /tʃɑdɑ/. This could be illustrating that /tʃ*ɑdɑ/ has more salient vowel transition than 
/tʃɑdɑ/. Similar to /tʃɑdɑ/, the importance map spectrogram of /tʃ*ɑdɑ/ for L2 Korean listeners 
does not have significant acoustic cues shown.  
Moreover, for the lax fricative /sɑdɑ/, the native Korean listeners used small areas around 
2-3kHz at 100ms and 5kHz at 300ms, wide low frequencies 1kHz at 100-300ms. Surprisingly, 
unlike /tʃ*ɑdɑ/, they did not use high frequency regions 7-9kHz at 0-200ms as a primary cue to 
recognize the /s/ sound. As you see in the correlation spectrogram in Figure 4, the native listeners 
chose a wrong answer when they heard those areas. In contrast, L2 Korean listeners were likely 
to rely on different cues, which are high frequencies 5-6kHz, 7-9kHz at 0-200ms. 
For the tense fricative /s*ɑdɑ/, high frequency around 9kHz at 100-300ms and most of 
frequencies between 100-300ms were most likely to be used by the native Korean group. A 
range of significance is particularly wide among the five stimuli. As opposed to the native group, 
it is less likely to see clear acoustic cues for the non-native group.  
 
The primary acoustic cues for each stimulus by both groups are summarized in Table 2.  
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Table 2. Summary of primary acoustic parameters shown on the pilot study 
 /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
Non-native 1kHz at 100-200ms 
6-9kHz at 0-150ms  
- - 5-6kHz at 0-200ms 
7-9kHz at  0-200ms 
- 
Native 1kHz at 0-300ms 4-9kHz at 0-200ms 
2-3kHz at 100-200ms 
1kHz at 0-500ms 
8-9kHz at 0-100ms 
1-4kHz at 40-300ms  
2-3kHz at 100ms 
5kHz at 300ms 
1kHz at 100-300ms 
frequencies 100-
300ms except 4-
9kHz at 0-100ms 
 
To summarize, there are three important conclusions. First of all, native listeners were 
able to identify the five Korean fricatives and affricates in noise, while non-native Korean 
listeners were not able to do it. Native Korean listeners used low frequency areas 1kHz at 0-
300ms for all five words. Failure of perception by L2 Korean listeners may be caused by 
experiment methodology errors or language interference issues. Secondly, despite the failure, the 
importance map of /tʃhɑdɑ/ and /sɑdɑ/ show a few significant regions. However, it is difficult to 
claim that the L2 listeners indeed recognized the words. They might have guessed the words or 
answered words with fewer selections. Lastly, by showing wide areas of unshaded parts in the 
spectrograms, even native Korean participants have variations across words on choosing acoustic 
cues. In order to identify cues used by non-native listeners, experimental settings must be 
changed.  
4.2.2. Difficulty Level Analysis 
Table 3. The average final number of bubbles-per-second after adapting on 200 mixtures per 
utterance for non-native and native Korean listeners on the pilot study. The more bubbles that are 
used in a mixture, the easier it is to correctly identify the speech. 
Number of bubbles /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ average 
Non-native 55.9 954.2 473.3 60.6 436.7 396.2 
Native 7.6 26.7 36.3 38.1 11.4 24.0 
 
Table 3 shows the number of bubbles for L2 Korean learners and native Korean listeners. 
The numbers of bubbles for the non-native Korean group are indicated in the first row Table 3. 
For the L2 Korean learners, the number of bubbles for /tʃhɑdɑ/ was lowest, which is 55.9 bubbles 
per second averaged across the subjects. On the other hand, /tʃɑdɑ/ had the highest number of 
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bubbles among the five words, which is 954.2 bubbles on average. Starting from 15 bubbles per 
second, we can see that the number of bubbles increased by a large amount, indicating that the 
listeners failed to correctly identify these words. The tense fricative /s*/ in /s*ɑdɑ/ and tense 
affricate /tʃ*/ in /tʃ*ɑdɑ/ also showed over 400 bubbles per second, indicating that they are hard 
to identify for L2 Korean learners, similar to /tʃhɑdɑ/. The number of bubbles for the lax fricative 
/s/ in /sɑdɑ/ is 60.6, which is slightly more than the number of bubbles for /tʃhɑdɑ/. Overall, the 
average number of bubbles for all five stimuli for non-native listeners is 396.2.  
As opposed to the non-native group, the lax fricative /s/ in /sɑdɑ/ was the most difficult 
sound for native Korean listeners with the averaged 38.1 bubbles across the subjects. Similar to 
L2 Korean learners, the aspirated affricate /tʃh/ in /tʃhɑdɑ/ was the most recognizable sound for 
the NK group with 7.6 bubbles per second on average. The numbers of bubbles on average for 
/tʃɑdɑ/, /tʃ*ɑdɑ// and /s*ɑdɑ/ are 26.7, 36.3, and 11.4, respectively. Some words such as /tʃhɑdɑ/ 
and /s*ɑdɑ/ have less than 15 bubbles per second. It underlies that native Korean listeners are 
able to recognize the aspirated fricative /tʃh/ and the tense fricative /s*/ well in a noisy 
environment. Overall, the average number of bubbles for all five stimuli is 24 bubbles per second 
for the native group.  
 In summary, the number of bubbles for non-native Korean listeners outnumbers that of 
bubbles for native Korean listeners. This result shows that the non-native group has more 
difficulty perceiving Korean fricatives and affricates in a noisy environment than native group 
does. Both group have recognized /tʃhɑdɑ/ most. However, the tense affricate /tʃ*/ in /tʃ*ɑdɑ/ is 
the least intelligible sound for L2 group, and the lax fricative /s/ in /sɑdɑ/ is the least audible 
sound for native group.  
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4.2.3. Confusion Analysis 
Table 4. Overall response counts for non-native listeners on the pilot study. The left column 
shows the utterances presented, and the top row shows the words that the listeners chose. Five 
participants were presented with 200 tokens for each utterance. (Total tokens per utterance: 200 
tokens × 5 participants) 
NonNative /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ Total 
/tʃhɑdɑ/ 514 173 175 75 63 1000 
/tʃɑdɑ/ 471 277 147 77 28 1000 
/tʃ*ɑdɑ/ 41 293 394 195 77 1000 
/sɑdɑ/ 102 71 42 484 301 1000 
/s*ɑdɑ/ 12 14 12 587 375 1000 
Average 1140 828 770 1418 844 5000 
 
Table 5. Overall response counts for native listeners on the pilot study 
Native /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ Total 
/tʃhɑdɑ/ 688 93 141 56 22 1000 
/tʃɑdɑ/ 143 544 122 159 32 1000 
/tʃ*ɑdɑ/ 26 28 531 49 366 1000 
/sɑdɑ/ 387 10 47 509 47 1000 
/s*ɑdɑ/ 42 24 182 120 632 1000 
Average 1286 699 1023 893 1099 5000 
 
Confusion matrices for the bubble-noise utterances are shown in Tables 4 and 5 for non-
native and native listeners, respectively. The left column shows the five stimuli, and the top row 
shows the word that the subjects selected. A diagonal from top left to bottom right indicates the 
correct responses, and the rest of words in each row are incorrect selections.  
For the L2 Korean learners, the aspirated affricate /tʃh/ in /tʃhɑdɑ/ was the most common 
response, it is unclear that they actually recognized the word. They might have assumed it. The 
overall accuracy of /tʃh/ is 51.4% (514 correct tokens out of 1000). Since the experimental 
procedure adapted the difficulty to achieve 60% accuracy, it seems that it was not able to 
succeed in identifying the word. While the aspirated affricate /tʃh/ was the most frequently 
identified correctly for the L2 group, the lax affricate /tʃ/ was the least identified sound to 
recognize for L2 Korean learners; only 277 tokens were correct, but 471 /tʃɑdɑ/ tokens were 
predicted to be /tʃhɑdɑ/. The rest of the words, /tʃ*ɑdɑ/, /sɑdɑ/ and /s*ɑdɑ/ were also not easy for 
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the L2 group to recognize. The tense affricate /tʃ*/ in /tʃ*ɑdɑ/ was hard to recognize, since only 
394 tokens were correctly identified. It was most frequently confused with /tʃɑdɑ/, selected 293 
times, suggesting that the non-native group has difficulty identifying tenseness. Subjects 
correctly identified the lax fricative /s/ more often than /tʃ*ɑdɑ/, but their accuracy is only 48.4%, 
which is still below the 60% target. /s*ɑdɑ/ was the second highest selected word for /sɑdɑ/. 
Additionally, the tense fricative /s*/ was less intelligible than the lax fricative /s/ for the L2 
group; they responded /sɑdɑ/ to it 587 times, but correctly identified /s*ɑdɑ/ only 375 times. In 
summary, non-native listeners tend to have difficulty distinguishing whether the sound is lax or 
tense in Korean words. 
On the other hand, as shown in Table 5, native Korean listeners distinguish all five 
sounds in a noisy environment, though their accuracy is relatively low with a range from 50.9% 
to 68.8%. Holiday (2012) performed a minimal pair test and found that native Korean speakers 
differentiate /sɑdɑ/ from /s*ɑdɑ/ with over 95% accuracy in a quiet environment. Since the 
current study was conducted with an adaptive design, the target accuracy was 60%, but three 
words, /tʃɑdɑ/, /tʃ*ɑdɑ/, and /sɑdɑ/, had below 60% accuracy. This may be unfamility of task 
issues. Nonetheless, compared to the non-native group, native Korean listeners tend to be able to 
distinguish tenseness in a noisy environment. 
In summary, with the confusion analysis, L2 Korean learners are likely to have difficulty 
distinguishing tenseness unlike native Korean listeners.  
4.2. Conclusion 
The present study investigates acoustic and perceptual cues used by L2 learners of Korean 
to discriminate between Korean fricatives and affricates and how these cues relate to those used 
by native Korean listeners. Before executing the main experiment, I have conducted the pilot 
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study in order to reduce possible errors on experiment settings and analysis methodology. In this 
section, I will summarize the results of the analyses and point out limitations and errors of the 
pilot study. Additionally, I will suggest possible solutions to improve them.  
One of my research questions is whether listeners are less accurate at recognizing Korean 
sounds in a noisy and distorted environment. The difficulty level shows that non-native group 
has difficulty differentiating sounds in a noisy environment. Native listeners performed better, 
but there are some utterances that are less identified than the others. Table 6 below demonstrates 
both group’s accuracy percentage for each stimulus. The numbers refer to percentage (%) which 
tells the averaged correct answers the subjects have selected.  
 
Table 6. Accuracy percentage (%) for both language groups on the pilot study 
Accuracy level /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ average 
Non-native 51.4 27.7 39.4 48.4 37.5 40.88 
Native 68.8 54.4 53.1 50.9 63.2 58.08 
 
Despite of the experiment’s adaptative design, the average accuracy for both groups did not 
reach 60%. This may show that the environment was too distorted and unrealistic. Because this 
bubble adaptation did not work for meeting the accuracy threshold, a new methodology for the 
bubble adaptation is needed. 
Moreover, as shown in Figure 3 and Table 6, even though there is no noise due to bubble 
adaptation, L2 listeners were not able to identify the words.  
A lack of familiarity of the test stimuli would be another reason for insufficient test results 
for L2 subjects. Particularly, since the Korean language proficiency of the non-native group is at 
a novice level, they need to be trained more to distinguish the five stimuli. In the pre-test, only 
two out of five non-native participants reached over 50% accuracy in a quiet environment setting. 
This indicates that they are not fully identifying the five different sounds in no noise. To fix this 
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problem, a pre-training is suggested. In other words, before the experiment is executed, they 
spend additional time to get familiar to the five stimuli, aiming higher accuracy level. 
Due to the limitations, errors and few results of L2 listeners, it is not noticeable that both 
groups used different acoustic and perceptual cues to recognize Korean fricatives and affricates 
in a noisy environment. By referring to the three analyses, L2 Korean learners have failed to 
distinguish between Korean fricatives and affricates.  Therefore, modifications of bubble 
adaptation and additional pre-training sessions must be included in the main experiment. 
5. Main Experiment  
 I have conducted a pilot study to estimate if the experiment is well-designed and leads to 
the best results. Based on the conclusion of the pilot study, I improved the experiment settings 
including the pre-training for the participants and adaptation of bubbles. In addition to 
improvements, I added a new analysis: machine learning model analysis. This analysis 
investigates whether each mixture is accurately predictable or not. Changes for the main 
experiment are introduced in Section 5.1. In Section 5.2 four analyses will be discussed with 
detailed results of the main experiment. 
5.1. Changes for the main experiment 
In the main experiment, the same five stimuli from the pilot study were used.  
5.1.1. Subjects 
Five native Korean subjects were recruited from various undergraduate/graduate schools 
in New York (mean of age is 23.8). Five L2 Korean subjects are undergraduate students who are 
taking Elementary Korean at Queens College, City University of New York (mean of age: 21.4). 
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They are elementary-level Korean learners with about six-month learning experience and their 
first language is American English. They did not have histories of hearing or visual impairment. 
5.1.2. Procedure 
Since four L2 participants on the pilot study did not reach the accuracy threshold (60% 
accuracy) for clean utterances, a pre-training session was required before the main experiment. 
Before participating the main experiment, the subjects were supposed to be exposed to the five 
stimuli. The stimuli were given prior to a week of the experiment, and they listened to the words 
at least 5 times a day until the sounds were familiar and distinctive. The first pre-test required 90% 
accuracy threshold. If a participant did not reach 90% accuracy on the clean utterance test, he/she 
could not participate in the main experiment. 
5.1.3. Bubble Adaptation 
The bubble adaptation procedure was modified in the main experiment. on the pilot study, 
bubbles are adapted for each word individually. However, according to the difficulty level results 
on the pilot study, L2 learners have a significant difficulty gap between the utterances; /tʃɑdɑ/ 
has approximately 954 bubbles per second whereas /tʃhɑdɑ/ has about 55 bubbles per second. 
Therefore, in the main experiment the number of bubbles is kept the same for all five stimuli. For 
instance, when a subject selects /s*ɑdɑ/ instead of the correct answer /sɑdɑ/ continuously, the 
number of bubbles increases in all five utterances, thus the overall difficulty level drops down. In 
this way, the issue of the difficulty level gap between utterances will be solved. 
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5.2. Result Analysis 
5.2.1. Importance Map Analysis 
The importance map shows intelligibility with the “glimpses” on spectrograms. Similar to 
the pilot study, visualization examples are introduced below. 
Non-native Korean listeners 
 
/tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
 
(a) clean utterance  
 
(b) selected acoustic cues 
 
(c) correlation patterns 
 
Figure 5. Visualizations for non-native listeners on the main study. Visualizations of all five 
stimuli for (a) the clean utterance spectrograms, (b) importance maps overlaid on the clean 
utterance spectrogram, and (c) correlation spectrograms. Lightened regions in the importance 
map (b) refer to acoustic cues where audibility is positively correlated with intelligibility. 
Acoustic cues are positively correlated with intelligibility in red regions, negatively correlated in 
blue regions in the correlation spectrograms (c). The time axes are incorrect due to a software 
bug. 
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Native Korean listeners 
 
/tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
 
(a) selected acoustic cues 
 
(b) correlation patterns 
 
Figure 6. Visualizations for native listeners on the main study. Visualizations of all five stimuli 
for (a) importance map overlaid on the clean utterance spectrograms, and (b) correlation 
spectrograms. The time axes are incorrect due to a software bug. 
 
Figures 5 and 6 above show visualizations of the main experiment results. The results of 
the non-native group show in Figure 5, and Figure 6 is for native Korean listeners. As opposed to 
the results of the pilot study, most of importance map spectrograms show significance of 
intelligibility in both groups. However, unexpectedly, the spectrogram of /s*ɑdɑ/ for the native 
group does not show clean results. It could be caused by individual perception errors. I will 
discuss possible errors in Section 6 Conclusion in detail.  
First of all, patterns of the importance map for /tʃhɑdɑ/ between the two language groups 
are different.  Similar to the pilot study, native Korean group did not consider high frequency 
regions in 0-300ms as an important cue for perceiving /tʃh/. Their primary acoustic cue is located 
lower around 1kHz at 0-300ms. On the other hand, non-native Korean participants mainly relied 
upon two different areas, which are 6-9kHz at 0-100ms and 0-1kHz at 0-300ms. Interestingly, 
native Korean listeners are unlikely to identify /tʃh/ with mid-frequency regions 3-4kHz at 0-
100ms.  
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Secondly, the results for the lax affricate /tʃɑdɑ/ show different significance map from 
/tʃhɑdɑ/ in both groups. L2 Korean listeners used 7-9kHz at 0-100ms and 1kHz at 0-200ms as 
seen in the correlation spectrogram in Figure 5. In contrast, importance map of /tʃɑdɑ/ shows a 
wide range of significance for native Korean listeners. They used 4-9kHz at 0-200ms, 2-3kHz at 
0-300ms, and 0-1kHz at 0-300ms to identify the word. The range of the acoustic cues in the 
importance map could have been more concentrated, but this might be individual variation 
among the participants. 
Next, the patterns in the importance map of /tʃ*ɑdɑ/ for both groups are quite similar. L2 
Korean listeners were dependent on 7-9kHz at 250ms, 2-4kHz at 0-200ms, and 1kHz at 0-400ms. 
Similarly, native Korean listeners used 6-9kHz at 0-150ms, 2-3kHz at 0-150ms, and  1kHz at 0-
150ms.  
Moreover, for the lax fricative /sɑdɑ/, L2 Korean listeners relied on the high frequency 
area 9kHz at 200-300ms. However, the selected regions indicate lack of energy, rather than 
speech sounds. This occurs on the pilot study as well. The importance map of /tʃ*ɑdɑ/ for the 
native group has informative lack of energy in Figure 4. This suggests that participants were able 
to earn perceptual information from transitions between the fricative and the vowel or between 
silence and the frication. On the other hand, native Korean listeners relied on low frequencies 0-
1kHz at 200-300ms.  
For the tense fricative /s*ɑdɑ/, high frequency above 9kHz at 100-200ms and 1kHz at 
200-300ms were most likely to be used by the non-native Korean group. Surprisingly, acoustic 
cues for /s*ɑdɑ/ for native Korean listeners did not appear. This could be experiment analysis 
errors or participant variations. Details about this issue will be discussed in the conclusion and 
discussion sections.  
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The primary cues are summarized in Table 7. 
Table 7. Summary of acoustic parameters shown on the main study. NN refers to “non-native”, 
and N refers to “native”. 
 /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
N
N 
6-9kHz at 0-100ms 
0-1kHz at 0-300ms 
7-9kHz at 0-100ms   
1kHz at 0-200ms 
7-9kHz at 250ms 
2-4kHz at 0-200ms 
1kHz at 0-400ms 
9kHz at 200-300ms 9kHz at 100-200ms 
1kHz at 200-300ms   
N 1kHz at 0-300ms 4-9kHz at 0-200ms  
2-3kHz at 0-300ms  
0-1kHz at 0-300ms 
6-9kHz at 0-150ms 
2-3kHz at 0-150ms 
1kHz at 0-150ms 
0-1kHz at 200-
300ms 
- 
  
To sum up, there are several improvements in the main experiment. To begin with, the 
importance map results for the non-native Korean group show more significance points than the 
pilot study. While the pilot study showed only visible importance maps (/tʃhɑdɑ/ and /sɑdɑ/), the 
main experiment had importance maps in all five spectrograms. Another improvement to 
mention is that the areas of importance maps have been more concentrated than those on the pilot 
study. This could help generalize specific acoustic cues used by both language groups.  
Additionally, it is possible that a lack of energy is informative in distinguishing sounds 
when the location where the energy is missing would have energy in another possible 
sound/phoneme. This occurs in both experiments, but only in /sɑdɑ/. Further research is needed 
whether it is random guessing or actually contains perceptually-relevant information. 
The overall primary acoustic cues between the two groups are different, even though both 
groups tend to utilize frication noise and F07 or vowel transitions to perceive Korean fricatives 
and affricates in a noisy environment. While non-native listeners used frication noise as a 
primary cue mostly except for /tʃɑdɑ/, native listeners used F0 and vowel transition in /tʃhɑdɑ/ 
and /sɑdɑ/. Only /tʃ*ɑdɑ/ spectrogram shows the same usage of acoustic cues by both groups. 
                                                 
7 Fundamental frequency (F0): the lowest frequency and highest amplitude harmonic component of all the 
individual sound waves that are accumulated to create voice source spectrum; reflects the rate at which the vocal 
folds vibrate. (Small, 2015) 
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Despite this, there are still different areas of acoustic cues. These results suggest that there could 
be explicit differences in the use of the cues between the two groups for identifying tenseness. 
Details will be discussed in Section 6. 
5.2.1.2. Global Importance Map Spectrograms from the pilot and main study 
 Additionally, I extracted importance maps from all twenty participants both on the pilot 
study and in the main experiment to examine if they might yield better results. Figures 7 and 8 
below introduce the results of two different language groups. Each figure shows spectrograms 
derived from ten participants from the pilot study and the main study.  
Non-native Korean listeners 
 
/tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
 
(a) clean utterance  
 
(b) selected acoustic cues 
 
(c) correlation patterns 
 
Figure 7. Visualizations for non-native listeners on the main study from Figure 5. Visualizations 
of all five stimuli for (a) the clean utterance spectrograms, (b) importance maps overlaid on the 
clean utterance spectrogram, and (c) correlation spectrograms. Lightened regions in the 
importance map (b) refer to acoustic cues where audibility is positively correlated with 
intelligibility. Acoustic cues are positively correlated with intelligibility in red regions, 
negatively correlated in blue regions in the correlation spectrograms (c) 
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Native Korean listeners 
 
/tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ 
 
(a) results from the main study 
 
(b) overall acoustic cues from a consolidation of pilot and main study 
 
 
(c) overall correlations from a consolidation of pilot and main study 
 
Figure 8. Visualizations for native listeners in a consolidation of the pilot and main study. 
Visualizations of all five stimuli for (a) importance maps overlaid on the clean utterance 
spectrogram on the main study, (b) importance maps overlaid on the clean utterance spectrogram 
in a consolidation of the pilot and main study, and (c) correlation spectrograms. 
 
Primarily, there is not much of interest in a consolidation of the pilot and main study 
since the non-native participants on the pilot study were not able to recognize most of the stimuli. 
Only two spectrograms, /tʃhɑdɑ/ and /sɑdɑ/, have explicit acoustic cues. These patterns are 
similar to the ones on the pilot study, rather than on the main study. In correlation results, 
/tʃ*ɑdɑ/ indicates strong correlation in high frequency area, but it is not strong enough to be 
shown in the importance map spectrogram. A possible reason why the only two words show 
acoustic cues in the importance map is that the L2 Korean listeners are likely to answer those 
two words in the experiment. On the other hand, Figure 8 illustrates clear and vivid acoustic cues 
for the native Korean listeners. Overall, VOT and F0, F1 and F2 vowel transitions are primary 
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acoustic cues for them. Particularly, the spectrogram for /s*ɑdɑ/ visualizes acoustic cues as 
opposed to the result in Figure 6 above. VOT and vowel transitions are primary cues in /s*ɑdɑ/. 
However, silence above 9kHz after frication noise is selected as a cue again, therefore, this is 
likely to be informative to distinguish /s*/ from the vowel /a/. The rest of the spectrograms for 
the native group show comparable acoustic cues as in Figure 6 in terms of consistency. The next 
section will be confusion analysis.  
5.2.2. Difficulty Level Analysis 
 The third analysis in the main experiment is the difficulty level analysis. With the 
numbers of bubbles, it indicates how difficult it is for the two language groups to recognize five 
Korean fricatives and affricates. The more bubbles are located in the mixture, the easier it is to 
recognize since the testing is on an adaptive setting to achieve 60% accuracy per utterance. The 
initial point is 15 bubbles per second. Table 8 shows the number of bubbles for L2 Korean 
learners and native Korean listeners. 
 
Table 8. The average final number of bubbles-per-second after adapting on 200 mixtures per 
utterance for non-native and native Korean listeners on the main study. The more bubbles that 
are used in a mixture, the easier it is to correctly identify the speech. 
Number of bubbles subject 1 subject 2 subject 3 subject 4 subject 5 average 
Non-native 25.1 38.12 34.05 21.25 24.95 28.69 
Native 24.46 20.1 53.9 16.3 14.5 25.85 
 
 Compared to the difficulty level analysis in Section 3.5.2, Table 8 refers to the number of 
bubbles for each participant, not each utterance. Due to bubble adaptation modification 
mentioned in Section 5.1.3, the number of bubbles is able to be adapted among the five words to 
adjust difficulty level. Therefore, each participant in each language group is indicated in the first 
row of Table 8. 
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Overall, the average number of bubbles for L2 Korean listeners is 28.69, and the average 
number of bubbles for native Korean listeners is 25.85. This demonstrates that both group have 
shown comparable difficulty level on speech perception in noise. This is due to the fact that in 
the main experiment second language learners had additional pre-training to differentiate the five 
stimuli so that they would be able to reach 60% accuracy threshold in a noisy environment. In 
detail, subject 4 in the non-native group had the lowest number of bubbles, which is 21.25 
bubbles per second. The highest number of bubbles for L2 Korean group is 38.12 by subject 2. 
On the other hand, the gap between the lowest and highest numbers of bubbles for the native 
group is significant; subject 5 shows the lowest number of bubbles, 14.5 bubbles per second, 
which is lower than the initial setup 15 bubbles per second. Surprisingly, the highest number of 
bubbles is shown by subject 3, indicating that it is even higher than any other results by the non-
native group. If subject 3 did better in the experiment, the difficulty level could have decreased. 
There are possibilities of poor performance of subject 3: personal sickness, unfamiliarity of the 
experiment procedure, language variations, or bilingualism.  
 In summary, the number of bubbles for non-native Korean listeners outnumbers that of 
bubbles for native Korean listeners mostly except for the native Korean subject 3. This result 
shows that the non-native group has more difficulty perceiving Korean fricatives and affricates 
in a noisy environment than native group does. However, through bubble adaption, the difficulty 
level gap has decreased. It is expected that there could be potentials for non-native/second 
language Korean listeners to identify Korean fricatives and affricates, particularly on tensesness, 
as the same level of native Korean listeners. 
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5.2.3. Confusion Analysis 
Tables 9 and 10 below indicate a total number of tokens for non-native and native Korean 
listeners, respectively. Each participant responded 200 tokens on each word, thus a total number 
of tokens (responses) is 1000 on each stimulus. 
 
Table 9. Overall response tokens for non-native listeners on the main study. The left column 
refers to the utterances they hear, and the top row refers to the words that the listeners choose 
accordingly. Total five participants are given 200 tokens for each utterance. (Total tokens per 
utterance: 200 tokens × 5 participants) 
NonNative /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ Total 
/tʃhɑdɑ/ 601 263 67 40 29 1000 
/tʃɑdɑ/ 215 485 175 95 30 1000 
/tʃ*ɑdɑ/ 32 141 624 159 44 1000 
/sɑdɑ/ 215 120 64 391 210 1000 
/s*ɑdɑ/ 17 18 30 347 588 1000 
Average 1080 1027 960 1032 901 5000 
 
Table 10. Overall response tokens for native listeners on the main study 
Native /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ Total 
/tʃhɑdɑ/ 679 116 130 59 16 1000 
/tʃɑdɑ/ 135 451 206 164 44 1000 
/tʃ*ɑdɑ/ 48 86 509 65 292 1000 
/sɑdɑ/ 243 92 111 455 99 1000 
/s*ɑdɑ/ 37 33 148 92 690 1000 
Average 1142 778 1104 835 1141 5000 
 
 Confusion matrices for the bubble-noise utterances are shown in Tables 9 and 10 for non-
native and native listeners, respectively. The left column shows the five stimuli, and the top row 
shows the word that the subjects selected. A diagonal from top left to bottom right indicates the 
correct responses, and the rest of words in each row are incorrect selections. 
Table 9 shows the overall response counts for all five non-native listeners, and Table 10 
shows the counts for all five native listeners. In Table 9, the most recognizable sound for the L2 
Korean listeners is the tense affricate /tʃ*/ in /tʃ*ɑdɑ/. This result is different from on the pilot 
study, indicating that the most recognizable sound was /tʃhɑdɑ/. Whereas the overall accuracy of 
/tʃh/ in /tʃhɑdɑ/ is 60.1% (601 correct tokens out of 1000), the lax affricate /tʃ/ in /tʃɑdɑ/ has 48.5% 
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accuracy. Yet, since the experiment adaptation setting aimed 60% accuracy, there are more 
improvements to be fixed in experiment designs. This will be discussed in detail in the 
discussion section. While the tense affricate /tʃ*/ was the most intelligible sound for the L2 group, 
the lax fricative /s/ was the most difficult sound to recognize for L2 Korean learners; only 371 
tokens were correct.  
There is clear confusion between /tʃhɑdɑ/ and /tʃɑdɑ/ for the L2 group; the most 
confusing words for /tʃhɑdɑ/ is /tʃɑdɑ/, and at the same time the most confusing word for /tʃɑdɑ/ 
is /tʃhɑdɑ/. However, interestingly, for the tense affricate /tʃ*/ the second most selected word is 
the lax fricative /s/. For the lax fricative /s/, the second most chosen word for /sɑdɑ/ is /tʃhɑdɑ/ 
with 215 tokens, and next most chosen word is/s*ɑdɑ/ with 201 tokens. For the tense fricative 
/s*/, the subjects were likely to get it more correct than perceiving /sɑdɑ/ with 58.8% accuracy. 
The tense fricative /s*/ was relatively intelligible for the L2 group; they answered /s*ɑdɑ/ with 
588 tokens, but the most confusing one for /s*ɑdɑ/ is /sɑdɑ/ with 347 tokens. As a result, it is 
less likely to see consistency on whether L2 Korean listeners are confused to recognize Korean 
fricatives and affricates with regard to tenseness or manner of articulation. Nonetheless, 
according to the accuracy level, I am able to claim that non-native group has difficulty 
identifying lax sounds more than tense sounds in Korean words. 
On the other hand, as shown in Table 9, native Korean listeners distinguish all different 
sounds in a noisy environment, though the accuracies for /tʃɑdɑ/ and /sɑdɑ/ are below 50%. 
Surprisingly, unlike the non-native group who were confused in terms of tensenesss, the native 
Korean listeners were more confused on manner of articulation. For instance, the tense affricate 
/tʃ*/ were selected 509 times out of 1000, followed by /s*ɑdɑ/ with 292 tokens. Also, the second 
most chosen word for /s*ɑdɑ/ is /tʃ*ɑdɑ/ with 148 tokens.  
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In summary, with the confusion level analysis, it is unclear for L2 Korean learners if they 
tend to have difficulty recognizing tenseness or manner of articulation (fricative-affricate 
confusion). On the other hand, the native group is likely to be confused with manner of 
articulation rather than tenseness in a noisy environment. Possibilities about the conclusions 
above will be more discussed in Section 7.  
With the pre-training session for non-native Korean listeners and bubble adaptation 
improvements, both groups mostly achieved 60% accuracy in speech perception in a noisy 
environment. Table 12 below illustrates both group’s accuracy level for each utterance. The 
numbers refer to averaged correct answers that all five subjects in each group have selected.  
Table 11. Accuracy percentage (%) for both language groups on the main study 
Accuracy level /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ average 
Non-native 60.1 48.5 62.4 39.1 58.8 53.78 
Native 67.9 45.1 50.9 45.5 69.0 55.7 
 
5.2.4. Machine Learning Model Analysis 
The fourth analysis in the main experiment is machine learning model analysis.  This 
machine learning approach predicts whether a particular mixture of speech and noise is correctly 
identified by a human listener. This approach tests a holistic combination of spectrogram features 
of the noise whereas the correlation analysis in 5.2.1 examines regional acoustic cues in the 
spectrogram. For this predictive analysis, a support vector machine (SVM), which is a linear 
classifier, was used. The classifiers were trained on 80% of tokens and tested on 20% of the 
remaining with 5-fold cross-validation. The SVM models were run for each stimulus based on 
each language group. For example, 80% of /tʃhɑdɑ/ configurations throughout five native Korean 
subjects were trained and 20% of the rest were tested. Then, the classifier predicted whether the 
same utterance mixed with a novel bubble noise instance is correctly identified by a listener or 
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not. Note that the listeners’ task was to select the correct word out of five which has a chance 
level of 20%. However, the classifier is predicting whether a certain speech pattern is identified 
or not, which has a chance level of 50%. Table 11 shows averaged prediction accuracies of the 
classification model for each language group. 
 
Table 12. Averaged percentage (%) of prediction accuracies for acoustic patterns by SVM 
models. The higher the accuracy is than a chance level of 50%, the more significant it is. 
 /tʃhɑdɑ/ /tʃɑdɑ/ /tʃ*ɑdɑ/ /sɑdɑ/ /s*ɑdɑ/ average 
Non-native 56.5 53.7 60.1 54.6 55.8 56.1 
Native 64.4 63.6 61 58.5 56.1 60.7 
 
Since a chance level is 50%, the results would not be significant if the prediction accuracy is 
slightly higher than 50% such as 50.1%, according to a one-sided binomial test (Mandel et al; 
2016). According to Table 9, prediction accuracies for the non-native group show that lax sounds 
(/tʃ/ and /s/) are less likely to be identified than non-lax sounds (/tʃh/, /tʃ*/ and /s*/). Prediction 
accuracies are higher for the native Korean group with a range from 56.1% to 64.4%; Korean 
affricates tend to be more identifiable than fricatives. 
6. Discussion  
The present study investigates acoustic and perceptual cues used by L2 learners of Korean 
to discriminate between Korean fricatives and affricates and how these cues relate to those used 
by native Korean listeners. In this section, I will summarize the results of the analyses and point 
out limitations and errors of the main experiment. Possible improvements and further work will 
be introduced in Section 7. 
Despite several updates on the experiment, both groups did not reach 60% accuracy 
according to Table 11. Nonetheless, both language groups had relatively higher accuracy level 
on the aspirated affricate /tʃh/, but lower accuracies on lax sounds, /tʃɑdɑ/ and /sɑdɑ/. According 
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to this, it is likely that they are biased to select lax phonemes less than tense phonemes in a noisy 
circumstance. Interestingly, this shows similar results when listeners recognize the sounds in a 
quiet environment. Perceptually lax sounds are less accurate than tense sounds as seen in cross-
linguistic research: The lax Korean fricative /s/ in /sa/ is harder to recognize than the Korean 
tense fricative /s*/ in /s*a/ by American English listeners (Cheon, 2005; Cheon & 
Anderson ,2008). In addition to consonants, lax German vowels are harder to discriminate tense 
German vowels by English subjects (Polka, 1995). Future work is suggested to investigate more 
salient acoustic cues to improve recognition on lax sounds in a distorted environment.  
Moreover, according to the importance map results, primary acoustic parameters for both 
non-native and native Korean groups to recognize Korean fricatives and affricates are VOT and 
F1 F2 vowel transition. However, each group use different cues to recognize different stimuli. 
For instance, the native group uses F1 F2 transition for /tʃh/ whereas the non-native group used 
VOT and F1 F2 transition. A reversed pattern is shown in the lax affricate /tʃ/. VOT and F1 F2 
transition are the cues by the native listeners while F1 formant frequencies are obtained by the 
L2 Korean listeners. For the tense affricate /tʃ*/, both groups used VOT. However, VOT was the 
primary cue for the native listeners, on the other hand, the vowel transition around 2-3kHz at 
100-300ms is additionally used for the non-native listeners. With regards to Korean fricatives, 
fewer salient acoustic cues were found. Interestingly, silence was used by the L2 subjects for the 
lax fricative /s/ on the main study and by the native listeners for /s*/ in the consolidation results. 
This cue is likely to be informative for the native speakers since the accuracy percentage for 
/s*ɑdɑ/ is 63.2% in Table 6 and 69% in Table 11. However, it is unlikely to claim that silence 
has some information in /s/ for the L2 listeners due to the low accuracy (39.1%) in Table 9. 
Furthermore, it might be a significant acoustic cue if it allows listeners to distinguish it from 
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another utterance that does have energy at the corresponding location. On the other hand, the 
native group used F1 F2 transitions at 200-300ms to recognize /s/ as shown in Figure 8. 
Furthermore, the tense fricative /s*/ does not have vivid acoustic cues on the spectrograms either, 
but high frequency frication above 9kHz at 100-200ms and F1 formant frequency at 200-300ms 
were selected by the non-natives. The acoustic parameter for /s*ɑdɑ/ used by the native group is 
mainly VOT and vowel transitions.  
A trial to extract better results for the importance map was implemented in Section 5.2.1.2. 
With all data from the pilot study and the main study, I attempted to gather more salient acoustic 
cues for both language groups. Due to the poor performance on the pilot study, however, there is 
not much of an improvement in Figure 7 for the non-native group. Explicit cues did not appear 
on /tʃɑdɑ/, /tʃ*ɑdɑ/ and /s*ɑdɑ/ spectrograms. Nevertheless, as shown in Figure 8 all five 
spectrograms show salient acoustic cues for the native listeners. Particularly, VOT and F1 F2 
transition were the cues for /s*ɑdɑ/. Mid-formant frequencies around 3-5kHz were also selected 
by the native group to recognize the tense fricative /s*/.  
The difficulty level on the main study has been improved after the pilot study was 
conducted. Overall, the difficulty level for the non-native group is on par with that of the native 
listeners; the average numbers of bubbles for both groups are approximately less than 30 bubbles 
per second. This indicates that bubble adaptation has worked better in the main experiment to 
help the participants to recognize the stimuli better. The fourth analysis, machine learning model, 
offers some statements that there are differences between the non-native and native Korean 
listeners in terms of a pattern of prediction accuracies. With above a chance level of 50%, 
whereas lax sounds (/tʃ/ and /s/) are less likely to be identified than non-lax sounds (/tʃh/, /tʃ*/ and 
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/s*/) by the non-native participants, Korean affricates tend to be more identifiable than fricatives 
by the native participants. 
In addition to the difficulty level analysis, the confusion analysis tells us whether non-native 
and native groups were not able to distinguish phonetic contrasts in noise. The results from the 
pilot and main study suggest that while they were likely to recognize the aspirated affricate /tʃh/, 
the non-native group were not able to identify the lax affricate /tʃ/. The most common 
substitution for the tense affricate /tʃ*/ for the L2 speakers was the lax fricative /s/. This is an 
unexpected result because my assumption was that subjects would be harder to recognize the 
sounds within the same manner of articulation category. For fricatives, as expected, the non-
native group was unlikely to distinguish tenseness. They have difficulty differentiating the lax 
fricative from the tense fricative. On the other hand, the native Korean group are generally able 
to identify all five words. However, the native listeners chose substitutions between the tense 
affricate /tʃ*/ and the tense fricative /s*/, leading to an assumption whether manner of 
articulation (fricatives versus affricates) makes the subjects difficult to identify the words, rather 
than phonetic contrasts.  
To summarize, first of all, the results suggest that L2 Korean listeners are not likely to 
distinguish between Korean affricates and fricatives. They have different patterns of “glimpses” 
of utterance in the spectra from native Korean listeners in a noisy environment. Secondly, the 
difficulty level shows results that both groups have relatively similar difficulty on perceiving 
Korean fricatives and affricates in a noisy environment. This implies that with continuous 
training on differentiating Korean fricatives and affricates L2 Korean learners could be able to 
succeed on distinction of them as the native Korean speakers are, at least for the utterances used 
in the training regimen. Thirdly, according to the confusion analysis, the non-native Korean 
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group has prominent difficulty to distinguish tense and lax phonemes while the native Korean 
group is able to differentiate phonetic contrasts. Nonetheless, it is found that there are some 
issues yet to be fixed for further work. Section 7 will discuss possibilities of further projects 
about the current study. 
7. Conclusions 
The current study investigates whether non-native and native Korean listeners, whose 
first language is American English, recognize Korean fricatives and affricates in a noisy 
condition. Additionally, it examines acoustic and perceptual cues used by non-native Korean 
listeners to discriminate between Korean fricatives and affricates and how these cues relate to 
those used by native Korean listeners. As a consequence, the research questions that I posed can 
be answered mostly by the results of the study. These research questions are introduced again 
below, and I am going to answer the questions based on the experiment analyses. 
 
1) Can non-native listeners distinguish Korean affricates and fricatives successfully in a 
noisy environment?  
2) What acoustic cues are used by native listeners? 
3) What acoustic cues are used by non-native listeners? 
4) Are these cues different from one another? 
 
First of all, since their phonetic inventory lacks the number of fricatives and affricates, L2 
learners of Korean are unlikely to distinguish five different Korean fricatives and affricates in a 
non-distorted environment. According to the pre-task of the main experiment, overall correction 
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percentage for all five stimuli by each non-native participant is above 80% with one exception of 
66.7%. (See Appendix 1) However, in a noisy environment they tend to have complication on 
perceiving Korean fricatives and affricates. Particularly, the aspirated affricate /tʃh/ was 
recognizable for them since similarity with American English /tʃh/ is perceptually high (Schmidt, 
1996). However, the three-way distinction of Korean affricates seem to be a struggle to the 
American English speakers in a noisy environment. Moreover, they are unlikely to differentiate 
tenseness on Korean fricatives.  
Through the importance map analysis, this study suggests that non-natives use different 
acoustic cues to recognize Korean fricatives and affricates. The main cues for both groups are 
VOT and F0 F1 F2 vowel transitions, but each group used different cues for the same utterance. 
These cues are similar to those in quiet to distinguish Korean fricatives and affricates (Kim, 
2004). 
Additionally, due to the bubble adaptation setting, the difficulty level analysis shows 
improved results for non-natives.  
Next, the confusion analysis in the main experiment is likely to enhance the statement 
that L2 Korean listeners cannot distinguish tenseness on affricates successfully in a noisy 
condition. However, this analysis clearly shows that L2 Korean listeners tend to misjudge 
tenseness on fricatives. On the other hand, natives have confusion across place of articulation, 
not tenseness as shown in Table 8. To solve this unclearness whether they are confused with 
regard to tenseness or place of articulation in a noisy circumstance, more data must be collected. 
Furthermore, with the numbers of token chosen on Tables 7 and 8, the study claims that both 
groups have chosen fewer responses on lax phonemes than tense phonemes. Again, future work 
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is suggested to investigate more salient acoustic cues to improve recognition on lax sounds in a 
noisy environment. 
Additionally, on the main study one importance map in Figure 6 is completely dark even 
though the native listeners recognized /s*/ successfully as shown in Table 10. This might be due 
to the fact that the different subjects used different acoustic strategies. 
7.1. Future work 
7.1.1. Participants 
Since the L2 participants are in a novice level of Korean language proficiency, the 
familiarity of Korean fricatives and affricates was the main issue to keep them from 
distinguishing the five sounds. However, the pre-training sessions for non-native Korean 
listeners improved overall accuracy level and difficulty level in the main experiment. In future 
work, longitudinal and regular pre-trainings for L2 participants will provide more salient cues. 
7.1.2. Acoustic cues 
Interestingly, even though VOT and F0 have been known for major acoustic cues for 
perceiving Korean stops (Son, 2016; Kong, 2011) and Korean affricates and fricatives in the 
word-initial position (Kim, 2004) and in different vowel contexts (Yoon, 1999), the importance 
map results show that native Korean listeners recognize some words using both of the two cues. 
It is unclear yet which acoustic cue is primary and secondary to identify Korean affricates and 
fricatives in noise. Therefore, a future study must be considered to investigate which acoustic cue 
(mainly out of VOT and F0 F1 F2 formant frequencies) is more important to recognize the words 
for the two groups in noise since both acoustic cues are shown on spectrograms. 
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7.1.3. vowel quality 
There are research studies that examine vowel quality in terms of identifying fricatives 
and affricates. Schmidt (1996) examined for native Korean listeners how similar English sounds 
are to Korean sounds. Depending on vowels, the similarity rating was different; when they heard 
English /si/, the mean rating compared to Korean /s*/ was 4.4 out of 5, but between English /sa/ 
and Korean /s*/ 2.6 was rated. Cheon & Anderson (2008) investigated speech perception of 
Korean sibilants in different vowel contexts by L2 Korean listeners. Depending on vowels, 
percentage of perceived similarity by them is different.  
In future studies, due to the data-driven manner, experiments will be conducted collecting 
more dataset and recruiting a larger number of participants to investigate more salient 
consistency in using acoustic cues. Perceptual experiments can be expanded by measuring 
confidence level so as to help understand the correlation between perception in noise and 
language proficiency by L2 Korean learners. Also, collecting more dataset helps the analyses to 
yield better performances. 
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APPENDICES 
Appendix 1. Correction percentage (%) of non-noise utterances for L2 Korean learners and 
native Korean listeners in the pre-task of the main experiment 
 
 chada jada jjada sada ssada sum 
cm 100 100 83.3 66.7 100 90 
ac 100 66.7 100 66.7 100 86.7 
tn 50 50 100 66.7 66.7 66.7 
my 50 100 100 66.7 100 83.3 
lr 75 66.7 100 83.3 75 80 
       
 chada jada jjada sada ssada sum 
swc 100 100 100 100 100 100 
cwh 100 100 100 100 100 100 
yjs 100 100 100 100 50 90 
jwc 100 100 100 100 100 100 
sjo 100 100 100 100 100 100 
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Appendix 2.A. Overall response tokens for L2 Korean learners and native Korean listeners in the 
pilot experiment  
L2K1 chada jada jjada sada ssada Total 
chada 108 12 36 20 24 200 
jada 126 22 36 11 5 200 
jjada 6 126 49 11 8 200 
sada 16 10 9 112 53 200 
ssada 0 2 0 164 34 200 
AVE 256 172 130 318 124 1000 
L2K2 chada jada jjada sada ssada Total 
chada 118 29 43 6 4 200 
jada 26 107 36 27 4 200 
jjada 2 34 103 52 9 200 
sada 38 22 2 97 41 200 
ssada 4 8 4 54 130 200 
AVE 188 200 188 236 188 1000 
L2K3 chada jada jjada sada ssada Total 
chada 120 28 14 33 5 200 
jada 160 11 7 16 6 200 
jjada 0 45 94 37 24 200 
sada 8 12 3 74 103 200 
ssada 2 3 1 87 107 200 
AVE 290 99 119 247 245 1000 
L2K4 chada jada jjada sada ssada Total 
chada 98 53 36 5 8 200 
jada 93 70 26 6 5 200 
jjada 13 23 124 27 13 200 
sada 30 12 16 91 51 200 
ssada 2 0 3 129 66 200 
AVE 236 158 205 258 143 1000 
L2K5 chada jada jjada sada ssada Total 
chada 70 51 46 11 22 200 
jada 66 67 42 17 8 200 
jjada 20 65 24 68 23 200 
sada 10 15 12 110 53 200 
ssada 4 1 4 153 38 200 
AVE 170 199 128 359 144 1000 
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NK1 chada jada jjada sada ssada Total 
chada 128 30 27 12 3 200 
jada 15 110 12 59 4 200 
jjada 3 3 84 17 93 200 
sada 54 3 16 109 18 200 
ssada 3 5 46 24 122 200 
AVE 203 151 185 221 240 1000 
NK2 chada jada jjada sada ssada Total 
chada 148 16 23 6 7 200 
jada 23 113 25 33 6 200 
jjada 5 3 112 6 74 200 
sada 91 0 4 95 10 200 
ssada 4 1 42 31 122 200 
AVE 271 133 206 171 219 1000 
NK3 chada jada jjada sada ssada Total 
chada 159 11 20 7 3 200 
jada 67 98 20 12 3 200 
jjada 7 5 109 6 73 200 
sada 79 1 10 101 9 200 
ssada 23 7 20 17 133 200 
AVE 335 122 179 143 221 1000 
NK4 chada jada jjada sada ssada Total 
chada 125 27 29 17 2 200 
jada 18 111 31 30 10 200 
jjada 6 15 109 15 55 200 
sada 84 3 9 100 4 200 
ssada 4 8 36 32 120 200 
AVE 237 164 214 194 191 1000 
NK5 chada jada jjada sada ssada  
chada 128 9 42 14 7 200 
jada 20 112 34 25 9 200 
jjada 5 2 117 5 71 200 
sada 79 3 8 104 6 200 
ssada 8 3 38 16 135 200 
AVE 240 129 239 164 228 1000 
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Appendix 2.B. Overall response tokens for L2 Korean learners and native Korean listeners in the 
main experiment  
cm chada jada jjada sada ssada Total 
chada 146 26 5 10 13 200 
jada 52 93 28 205 7 200 
jjada 0 47 109 28 16 200 
sada 53 14 18 69 46 200 
ssada 3 5 5 98 87 200 
AVE 254 185 165 225 171 1000 
ac chada jada jjada sada ssada Total 
chada 136 40 12 3 9 200 
jada 45 115 19 12 9 200 
jjada 2 37 121 27 13 200 
sada 27 25 5 95 48 200 
ssada 1 5 9 104 81 200 
AVE 211 222 166 241 160 1000 
 chada jada jjada sada ssada Total 
chada 117 57 11 14 1 200 
jada 36 105 31 20 8 200 
jjada 16 22 135 22 5 200 
sada 56 15 8 94 27 200 
ssada 6 3 9 80 102 200 
AVE 231 202 194 230 143 1000 
my chada jada jjada sada ssada Total 
chada 106 72 16 3 3 200 
jada 18 92 54 33 3 200 
jjada 2 14 132 51 1 200 
sada 52 45 15 68 20 200 
ssada 0 0 3 30 167 200 
AVE 178 223 220 185 194 1000 
lr chada jada jjada sada ssada Total 
chada 86 68 23 10 3 200 
jada 64 80 43 10 3 200 
jjada 12 21 127 31 9 200 
sada 27 21 18 65 69 200 
ssada 7 5 4 35 149 200 
AVE 206 195 215 151 233 1000 
 
swc chada jada jjada sada ssada Total 
chada 131 39 18 11 1 200 
jada 10 110 31 38 11 200 
jjada 1 14 69 13 103 200 
sada 55 21 23 86 15 200 
ssada 3 0 28 15 154 200 
AVE 200 184 169 163 284 1000 
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cwh chada jada jjada sada ssada Total 
chada 127 12 38 19 4 200 
jada 41 54 37 55 13 200 
jjada 5 17 111 13 54 200 
sada 37 10 13 106 34 200 
ssada 3 0 8 17 172 200 
AVE 213 93 207 210 277 1000 
yjs chada jada jjada sada ssada Total 
chada 154 10 25 9 2 200 
jada 34 59 58 40 9 200 
jjada 7 12 94 10 77 200 
sada 30 10 17 121 22 200 
ssada 0 1 5 20 174 200 
AVE 225 92 199 200 284 1000 
jwc chada jada jjada sada ssada Total 
chada 127 27 25 7 4 200 
jada 32 117 39 9 3 200 
jjada 32 36 116 13 3 200 
sada 54 43 34 62 7 200 
ssada 30 29 73 19 49 200 
AVE 275 262 287 110 85 1000 
 chada jada jjada sada ssada  
chada 140 18 24 13 5 200 
jada 18 111 41 22 8 200 
jjada 3 7 119 16 55 200 
sada 67 8 24 80 21 200 
ssada 1 3 34 21 141 200 
AVE 229 147 242 152 230 1000 
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Appendix 3.A. Demographic questionnaires for the participants on the pilot study 
 
Non-native 
Koreans 
L2K1 L2K2 L2K3 L2K4 L2K5 
Age 26 19 17 21 19 
Gender Male Male Female Female Female 
How long have 
you learned 
Korean? 
3 months Formal 
education: 3 
months 
Informal 
education: 4 
years (have 
Korean 
friends) 
3 months 3 months 3 months 
How proficient 
are you in 
Korean? 
(Likert scale: 
1=basic, 
2=passable, 
3=good, 
4=commendabl
e, 5=excellent) 
1=basic 2=passable 3=good 2=passable 1=basic 
Do you 
speak/learn 
other 
languages? 
English, 
Chinese, 
Japanese, 
Thai 
English English, 
Mandarin, 
Cantonese, 
Spanish 
English, 
Cantonese, 
Spanish 
English, 
Spanish 
Do you have 
hearing/visual 
impairment? 
No No No No No 
 
Native Koreans NK1 NK2 NK3 NK4 NK5 
Age 28 29 38 28 27 
Gender Male Female Male Female Female 
Where in Korea 
are you from?  
Kwangju 
(but has been 
in Seoul for 8 
years) 
Wonju 
 
Seoul Incheon Seoul 
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Appendix 3.B. Demographic questionnaires for the participants on the main experiment 
 
Non-native 
Koreans 
CM AC TN MY LR 
Age 23 19 24 22 19 
Gender Male Female Female Male Female 
How long have 
you learned 
Korean? 
9 months One year 
Formal 
education: 7 
months 
Use it at work 
Formal 
education: 6 
months 
Informal 
education: 
one year 
7 months 6 months 
How proficient 
are you in 
Korean? 
(Likert scale: 
1=basic, 
2=passable, 
3=good, 
4=commendable, 
5=excellent) 
3 = good 3=good 2=passable 3=good 2=passable 
Do you 
speak/learn other 
languages? 
Creole Spanish, 
Cantonese, 
Mandarin 
Mandarin, 
Cantonese 
Cantonese, 
Mandarin, 
French 
Spanish, 
French 
Do you have 
hearing/visual 
impairment? 
No No No No No 
After experiment - Tiredness 
Ear tiredness 
sleepy 
Drowsiness 
Confusion  
- - 
 
Native Koreans swc cwh yjs jwc sjo 
Age 19 25 26 22 27 
Gender Male Male Female Male Female 
Where in Korea 
are you from?  
Seoul Seoul Wonju 10 years –US 
10 years- 
Busan 
Seosan 
After experiment Shoulder 
pain 
Mild 
headache 
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